Background/Aims: Skeletal muscle plays an essential role in the body movement. However, injuries to the skeletal muscle are common. Lifelong maintenance of skeletal muscle function largely depends on preserving the regenerative capacity of muscle. Muscle satellite cells proliferation, differentiation, and myoblast fusion play an important role in muscle regeneration after injury. Therefore, understanding of the mechanisms associated with muscle development during muscle regeneration is essential for devising the alternative treatments for muscle injury in the future. Methods: Edu staining, qRT-PCR and western blot were used to evaluate the miR-27b effects on pig muscle satellite cells (PSCs) proliferation and differentiation in vitro. Then, we used bioinformatics analysis and dual-luciferase reporter assay to predict and confirm the miR-27b target gene. Finally, we elucidate the target gene function on muscle development in vitro and in vivo through Edu staining, qRT-PCR, western blot, H&E staining and morphological observation. Result: miR-27b inhibits PSCs proliferation and promotes PSCs differentiation. And the miR-27b target gene, MDFI, promotes PSCs proliferation and inhibits PSCs differentiation in vitro. Furthermore, interfering MDFI expression promotes mice muscle regeneration after injury. Conclusion: our results conclude that miR-27b promotes PSCs myogenesis by targeting MDFI. These results expand our understanding of muscle development mechanism in which miRNAs and genes work collaboratively in regulating skeletal muscle development. Furthermore, this finding has implications for obtaining the alternative treatments for patients with the muscle injury.
MiR-27b Promotes Muscle Development by Inhibiting MDFI Expression
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Introduction
Skeletal muscle comprises about 45% of the human body mass, and the musculoskeletal system injuries are common. Mechanical muscle damage often accompanied by muscle swelling, atrophy, contracture, and even functional disorders [1, 2] . Understanding of the Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry through a 100µm cell strainer to remove large tissue residues. The flow-through mixture was washed three times with PBS and passed through a 70 μm cell strainer. The flow-through cells were plated into 75 cm 2 flasks containing DMEM/F12 medium with 20% fetal bovine serum (FBS, GIBCO) and 0.5% chicken embryo extract. Three hours later, the unattached cells were transferred to another new flask. On the next day, cells in the flasks were treated with 0.25% trypsin for 5 min, washed with PBS and re-plated in a new flask. After 60 to 90 min the upper suspension was transferred to a new flask to collect satellite cells. Cell purity was examined by PAX7 immunofluorescence assay (Fig. 9) . The purified satellite cells were then plated into 6-well cell culture plate at a density of 2.5×10 4 cells/cm
2
. The PSCs were cultured in DMEM/F12 supplemented with 10% fetal bovine serum, 100 μg/mL streptomycin, and 100 U/mL penicillin at 37 °C under a humidified 5% CO 2 atmosphere. When the PSCs reached approximately 95% confluency, cells were allowed to differentiate in DMEM/F12 with 2% horse serum, 100 U/mL penicillin, and 100 μg/ml streptomycin (GIBCO BRL) for 7 days. After differentiation, the cells were washed twice with cold phosphate-buffered saline (PBS) before protein extraction or total RNA extraction.
PSCs transfection
PSCs were seeded in 6-well plates at the density of 2×10
5 cells per well. PSCs transfected with pCDNA3.1-MDFI, siRNA-MDFI, miR-27b inhibitor, miR-27b mimics or control by Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. We used qRT-PCR to detect transfection efficiency after each transfection. We transfected the PSCs with miR-27b mimic or inhibitor when the cells reach approximately 60% confluency. From previous studies conducted in our laboratory, the miR-27b mimic or inhibitor could remain active for 10-14 days. The medium was replaced with new growth medium 6 hours later, and cells were maintained in the growth medium for an additional 12 h before myogenic differentiation induction. MiR-27b mimics and inhibitor were purchased from GENEWIZ (Suzhou, China), and the control is the scramble sequence negative control provided by GENEWIZ.
RNA extraction and PCR analysis
Methods used for the RNA extraction and PCR analysis have been described previously [21] . In brief, the thermal cycling was performed as follows: 95 o C for 5 min, followed by 40 cycles of denaturation at 95 o C for 30 s, annealing at 58 o C for 30 s, and extension at 72 o C for 30 s. The relative expression of mRNAs and microRNA were normalized with β-actin or U6 levels using the ΔΔ Ct method [22] . U6 is a widely used normalizer in the miRNA studies [23, 24] ; many previous miRNA-27b studies also used U6 as the normalizer [25, 26] .
ΔΔ
Ct is defined as the ratio of the relative mRNA level of the target gene between the experimental group and the control group. Primers were designed using Primer Premier 5 according to the pig genes sequence obtained from NCBI. Primers used for PCR are shown in Table 1 .
Edu labeling
The transfected PSCs were incubated in the growth medium for twenty-four hours and then were used for Edu labeling by Cell-Light™ Edu Apollo®488 In vitro Imaging Kit (RiboBio, Guangzhou, China) according to the manufacturer's instructions. The Edu labeled PSCs were washed with PBS, then observed and recorded using a Nikon TE2000-U inverted microscope (Nikon Instruments, Tokyo, Japan). The Edu positive PSCs were counted using Image Pro Plus (Media Cybernetics, Inc., Silver Spring, MD, USA).
Western blot analysis
The method used for the Western blot analysis has been described previously [21] . In brief, homogenized tissues or MyHC  AAGGCATCATCAAGGACACTC  TGCGGCAGGTTGGCTCT  CCNB  CGGGATCCATGGCGCTC  CCGCTCGAGTTACACCT  CCND  TGTTTGCAAGCAGGACTTTG  ACGTCAGCCTCCACACTCTT  CCNE  TGGGCTTCAGCAGGATGATG  ACGGAACTGCTGCAGGCTGT  P21  AGGACCATGTGGACCTGTTG  CGGCGTTTGGAGTGGTAGAA  PCNA  TTCGGTGCCTTTCTTCC  CCTTCCCTTTCGTGAGC  β- C followed by incubation with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. The protein quantification was using Image J. The antibodies used in this study are listed in Table 2 .
Target gene prediction
The target gene prediction was conducted using the software mirTargets 1.2 in conjunction with TargetScan, MicroCosm, Pictar and miRDB databases.
Luciferase Reporter Assay MDFI 3' UTR sequence and MDFI-3'UTR-mut sequence were amplified and inserted into pmirGLO Vector (Ambion, Carlsbad, CA, USA), respectively. For the luciferase reporter assay, HEK 293T cells were cotransfected with pmirGLO-MDFI-3'UTR plus either miR-27b mimics or Control for 48 hours. Either pmirGLO or pmirGLO-MDFI-3'UTR-mut was used as a control for pmirGLO-MDFI-3'UTR. The activities of firefly and Renilla luciferases were determined using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA), and firefly luciferase activity was normalized to that of Renilla luciferase. Tissue sampling and H&E Mice were purchased from Guangdong Medical Lab Animal Center. Lentivirus containing siRNA-MDFI or siRNA-Control were purchased from Shanghai JiKai Gene Chemical Technology Co., LTD. Twelve mice were divided into two groups with six mice in each group. Mice were injected with LV-siRNA-Control or LV-siRNA-MDFI. Gastrocnemius muscles were dissected from each mouse one week after injection for extracting total RNA and proteins. Mice gastrocnemius muscles were stained with Hematoxylin and Eosin (H&E), and the cross-section area of individual myofibers was photographed using Nikon TE2000-U inverted microscope (Nikon Corporation, Tokyo, Japan) and measured using Image-Pro Plus (IPP) 6.0 software (Media Cybernetics, Inc., Silver Spring, MD, USA).
Statistical analysis
All data are expressed as the mean ± standard error of the mean (S.E.M.), and at least three independent individuals or replicates were used per group. The assumptions of normality of data and homogeneity of variances between the groups was analyzed by SPSS. Significant differences between treatment groups were determined by one-way ANOVA (SPSS 18.0, Chicago, IL, USA). Significance was achieved when p<0.05. * is p<0.05 and ** is p<0.01.
Results

MiR-27b inhibits PSCs proliferation
MiR-27b mimics and inhibitor were transfected into PSCs for 36h. MiR-27b mimics reduced (p<0.05) the percentage of Edu positive cells and miR-27b inhibitor increased (p<0.05) the percentage of Edu positive cells (Fig. 1A, 1B) . The qRT-PCR result showed miR27b mimics decreased (p<0.05) mRNA level of CCNB, CCND, CCNE, and PCNA and increased (p < 0.05) p21 mRNA level (Fig. 1C) . Western blot confirmed that miR-27b mimics reduced CCNB (p=0.062), CCND (p<0.05), and CCNE (p<0.05) protein level, and increased p21 (p<0.01) protein level (Fig. 1D) . Consistent with these results, after transfection with miR27b inhibitor, mRNA level of CCNB, CCND, CCNE, and PCNA were increased (p < 0.05) and p21 mRNA level was decreased (p＜0.01, Fig. 1C ). Western blot confirmed that miR-27b inhibitor increased CCNB (p<0.01), CCND (p<0.01), and CCNE (p<0.05) protein level, and decreased p21 (p<0.01) protein level (Fig. 1D) . The relative protein levels obtained using WB bands gray scanning were presented in Fig. 8A . These results show miR-27b inhibits PSCs proliferation.
MiR-27b promotes PSCs differentiation
PSCs were transfected with miR-27b mimics or inhibitor and changed to the differentiation medium for seven days. We measured the differentiation of PSCs by the antiMyHC immunofluorescent assay. Overexpressing miR-27b increased the MyHC positive cells while inhibiting miR-27b lowered the MyHC positive cells (Fig. 2A) . Overexpression of miR-27b elevated the mRNA level of MyoD (p < 0.05), Myogenin (p＜0.05), Myosin (p < 0.05) and MyHC (p < 0.01) (Fig. 2B) . Western blot result showed overexpression of miR-27b also elevated protein level of MyoD (p＜0.05), Myogenin (p < 0.01), and Myosin (p＜0.05) (Fig.  2C) . The relative protein levels obtained using WB bands gray scanning were presented in Fig. 8B . Consistent with these results, miR-27b inhibitor decreased the myogenic-related gene expression (Fig. 2B, 2C ). These results show miR-27b promotes PSCs differentiation.
MDFI is a direct target gene of miR-27b
To further investigate the potential mechanism by which miR-27b regulates the PSCs myogenesis, we need to identify the target gene of miR-27b. Through the sequence alignment we found that the miR-27b seed sequence is highly conserved (Fig. 3A) , the miR27b complementary seed sequence in the MDFI 3'UTR is also highly conserved (Fig. 3B) , so there may be a potential binding site in MDFI UTR for miR-27b (Fig. 3C) .
To verify the targeted relationship between miR-27b and MDFI, we first measured the expression of MDFI through qRT-PCR and Western blot in the PSCs transfected with miR-27b Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry mimics or inhibitor. The results showed overexpressing miR-27b decreased MDFI expression while inhibiting miR-27b increased the MDFI expression ( Fig. 3D and 3E ). The MDFI protein levels obtained using WB bands gray scanning were presented in Fig. 8C . Subsequently, we constructed the pmirGLO-MDFI 3'UTR recombinant vector containing the binding site of miR-27b. We found relative luciferase activity was decreased (p < 0.01; Fig. 3F ) when HEK-293T cells were co-transfected with miR-27b mimics and pmirGLO-MDFI-3'UTR. However, miR-27b mimics does not affect mutated pmirGLO-MDFI-3'UTR relative luciferase activity (Fig. 3F ). This result indicates that MDFI is the direct target gene of miR-27b.
MDFI promotes PSCs proliferation
Since MDFI is the direct target gene of miR-27b, we then explored the role of MDFI in PSCs development. We overexpressed and inhibited MDFI expression in transfected PSCs with pcDNA3.1(+)-MDFI recombinant vector and siRNA-MDFI, respectively. Overexpressing MDFI (Fig. 4D) . After PSCs were transfected with siRNA-MDFI, we found siRNA-MDFI decreased (p<0.05) the mRNA level of CCNB, CCND, CCNE, and PCNA and increased (p<0.01) p21 mRNA level (Fig. 4C) . Western blot result confirmed that siRNA -MDFI decreased protein level of CCNB (p<0.05), CCND (p=0.062), and CCNE (p<0.05) and increased p21 (p<0.01) protein level (Fig. 4D) . The relative protein levels obtained using WB bands gray scanning were presented in Fig. 8D . From the MDFI overexpression and inhibition results, we conclude that MDFI promotes PSCs proliferation.
MDFI inhibits PSCs differentiation
We then determined the role of MDFI in PSCs differentiation. PSCs were transfected with either pcDNA3.1(+)-MDFI recombinant vector or siRNA-MDFI and then cultured in the differentiation medium for seven days. We used the anti-MyHC immunofluorescent assay to measure the differentiation of PSCs. Overexpressing MDFI decreased the MyHC positive cells while inhibiting MDFI increased the MyHC positive cells (Fig. 5A) . Then the expression of MyoD, Myogenin, Myosin, and MyHC was measured. Overexpression of MDFI lowered the mRNA level of MyoD (p < 0.05), Myogenin (p＜0.05), Myosin (p < 0.05) and MyHC (p < 0.01) (Fig. 5B) . Western blot result showed overexpression of MDFI lowered the protein level of MyoD (p < 0.01), Myogenin (p < 0.05), and Myosin (p < 0.01) (Fig. 5C ). The relative protein levels obtained using WB bands gray scanning were presented in Fig. 8E . Consistent with these results, inhibiting MDFI increased the myogenic-related gene expression (Fig. 2B, 2C) . These results show MDFI inhibits PSCs differentiation.
MiR-27b promotes PSCs myogenesis by targeting MDFI.
Since miR-27b inhibits PSCs proliferation, promotes PSCs differentiation and MDFI is a direct target gene of miR-27b, we co-overexpressed miR-27b and MDFI to verify whether MDFI attenuated the miR-27b effect on PSCs development. Through the Edu immunofluorescent staining, we found MDFI weakens the miR-27b inhibition effect on PSCs proliferation. The MyHC immunofluorescent staining results shown MDFI reduced the miR-27b promotion (Fig. 6A, 6B ), so we conclude that miR-27b promotes PSCs myogenesis by targeting MDFI.
Interfering MDFI promotes the muscle development in vivo
The miRNA is known to exert their function through inhibiting the expression of their target genes. Results from our in vitro study have identified MDFI is the target gene of miR27b. To our knowledge, there is no published report about the effects of MDFI on skeleton muscle regeneration after injury. Therefore, we decided to explore the role of MDFI in PSCs development and muscle regeneration after injury. We first damaged the gastrocnemius muscle of Kunming mouse by cardiotoxin (CTX) injection. Then we infected the muscle 
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Cellular Physiology and Biochemistry with the lentivirus packaged siRNA LV-Si-MDFI to elucidate the MDFI effect on muscle regeneration. We harvested the gastrocnemius muscles one week after the injection and measured the morphological characteristics of gastrocnemius muscles and the expression of related genes. Inhibition of MDFI increased the diameter of single muscle fibers (Fig. 7A, 7C,  7D ). But the total number of fibers in one field was no difference between the two groups (Fig.  7B) . Inhibiting MDFI increased (p<0.01) the mRNA level of MyoD and Myogenin, decreased the mRNA level of MDFI (p <0.01) and CCND1 (p <0.05), Fig. 7E ). Western blot result showed interfering MDFI lowered the protein level of MDFI (p <0.01) and CCND (p <0.01), increased the protein level of MyoD (p <0.05), and P21 (p <0.01) (Fig. 7F) . The relative protein levels obtained using WB bands gray scanning were presented in Fig. 8F . These results demonstrate that inhibition of MDFI in vivo promoted the muscle regeneration after injury.
Discussion
Skeletal muscle comprises 45% of the human body mass, and musculoskeletal system injuries are common [27] . Muscle injuries in sports account for 10%-55% of all muscle injuries. Over 90% of these injuries are either contusions or strains [28, 29] .. Traumatic injuries from motor vehicle accidents contribute to an increasing need for better treatment options for muscle regeneration [30] . After an injury, muscle satellite cells are activated, re-enter the cell cycle to proliferate and subsequently differentiate into myoblasts. The proliferation and differentiation of muscle satellite cells is the basis of muscle regeneration [31, 32] . Therefore, understanding of the mechanisms associated with muscle development is essential for devising the alternative treatments for muscle regeneration. [33, 34] . Pig is a useful medical model for humans due to its similarity in size and physiology. In our study, we used pig muscle satellite cell as the model to explore the regulatory relationship between the MDFI and miR27b in vitro. Since in vitro study may not represent the true physiological state in living organisms, we also conducted the MDFI in animals. The muscle regeneration model after Cardiotoxin damage has been used in mice [35, 36] , we chose to conduct the in vivo study in mice. Since our laboratory has explored the effects of different concentrations of CTX on the degree of muscle damage in Kunming mice and has established a complete CTX damaging the mouse muscle protocol we chose this particular model for this study.
For any experiment, a negative control should be included to allow for control of parameters such as intra-individual variability, variability among animal strains, tools utilized. Since previous research conducted by our laboratory on miR-34c has shown the LV-Si-Control does not affect the muscle development [37] , we did not include a negative control in this experiment. However, the difference between si-MDFI and control mice was significant, and there were six mice in each group, so we believe this result should still be valid.
MyoD, a myogenic transcription factor, has been extensively studied and it plays an essential role in muscle development. However, MDFI, the inhibitor of MyoD, we can find only three MDFI-related papers. The role of MDFI in regulating muscle development remains to be elucidated.
After activation, muscle satellite cells re-enter the cell cycle to proliferate. After several rounds of replication, muscle satellite cells exit the cell cycle and differentiate into myoblasts. Finally, the myoblasts fuse to the existing muscles. P21 and cyclins are the key factors regulating the cell cycle. Since CCND is the first cyclin produced in the cell cycle, we measured CCND expression as the PSCs proliferation marker. CCND binds to the existing cyclindependent kinases (CDK) 4, forming the active CCND-CDK4 complex. Then, CCND-CDK4, in turn, phosphorylates the retinoblastoma susceptibility protein (Rb). Rb dissociates from the E2F/DP1/Rb complex, activating E2F. E2F promotes expression of various genes such as CCNE and DNA polymerase. Therefore, we also measured CCNE expression as the PSCs Figure  1D ; B for Figure 2C ; C for Figure 3D ; D for Figure 4D ; E for Figure  5C ; F for Figure 7F . 
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Cellular Physiology and Biochemistry proliferation marker. CCNE binds to CDK2, forming the CCNE-CDK2 complex, which pushes the cell from G 1 to S phase. CCNB-CDK1 complex activation was causes breakdown and prophase initiation. Subsequently, CCNB-CDK1 deactivation causes the cell to exit mitosis [6, 38, 39] . The P21 protein is a cell cycle regulator, and it binds to cyclin-CDKs complexes and inhibits cyclin-CDKs activities [7, 40] . Thus, CCNB and P21 have also been used as the PSCs proliferation markers in our study. MyoD is also involved in removing cells from the cell cycle through increasing the p21 transcription. MyoD is inhibited by CDKs, CDKs, in turn, are inhibited by p21. Thus MyoD enhances its own activity in a feed-forward manner [41, 42] . In our study, through the mRNA, protein and cell number results, we established that MyoD expression is increased and p21 expression is decreased by interfering MDFI, and finally, resulted in elevated PSCs proliferation. MDFI can identify the basic helix loop helix (bHLH) structure on the MyoD [11, 13] . Since many myogenic transcription factors contain the bHLH structure, future studies will include the identification of additional transcription factors regulated by the MDFI. The miRNAs are critical regulators of many biological processes through modulating expression of genes in the post-transcriptional level. Proliferation and differentiation are mutually exclusive during muscle regeneration, and miRNAs are critically involved in balancing these two processes [43] . Many miRNAs, such as miR-1, miR-133, miR-29, miR-214, miR-206, miR-486, miR-208b, and miR-499 were involved in the regulation of skeletal myogenesis by binding to its target genes [44, 45] . For example, in mice, miR-1 and miR-133 are clustered on the same chromosomal loci and transcribed together in a tissuespecific manner during development, but miR-133 enhances proliferation by repressing serum response factor, whereas miR-1 promotes myogenesis through repressing histone deacetylase 4 [17] . Additionally, our previous study found miR-34c form a reciprocal regulatory loop with its target gene Notch 1 [37] . These reports support the claim miRNAs are critically involved in muscle regeneration.
miR-27b has been shown to inhibit cardiac cell growth and induce cardiac hypertrophy by targeting PPARγ [46] . MiR-27b interference was reported to increase Pax3 expression leading to muscle stem cell proliferation, delaying the onset of differentiation; miR-27b mimics ensures rapid and robust entry into the myogenic differentiation program [19] . In our study, through the mRNA, protein and cell count results, we ascertained that miR-27b decreased MDFI expression, which leads to inhibition of PSCs proliferation and promotion of PSCs differentiation. In conclusion, our study demonstrated that miR-27b inhibits PSCs proliferation and promotes PSCs differentiation in vitro. The mechanism is miR-27b inhibits the expression of its target gene, MDFI. Through interfering MDFI expression in vivo, our results showed that inhibiting MDFI expression promotes mice muscle regeneration after injury. These results expand our understanding of muscle development mechanism in which miRNAs and genes participate in controls skeletal muscle development. Furthermore, this finding has implications for obtaining the alternative treatments for muscle regeneration after injury in the future.
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